The sociosexual environment animals experience through their life can shape the evolution of key life history traits, including longevity. Male-male competition, for instance, may influence the resources allocated to traits involved in male reproductive success. Here, I test whether lifelong exposure to a competitor male influences male investment in pre-and post-copulatory sexual traits (calling effort and sperm quality) and how this affected the oxidative status and longevity of male field crickets (Gryllus bimaculatus). As expected, the visual exposure to a mating competitor promoted a higher calling effort in the male crickets but resulted in a decline in the haemolymph antioxidant content. The haemolymph antioxidant content negatively covaried with the antioxidant content of the sperm but interestingly, only when the males were exposed to a competitor. This suggests that when mating competition is high, males may prioritize sperm antioxidant protection against somatic maintenance.
| INTRODUC TI ON
The trade-off between reproduction and longevity is an axiom of current evolutionary life history theory, and evidence that reproduction reduces future survival and longevity has been reported in different taxa (Boonekamp, Salomons, Bouwhuis, Dijkstra, & Verhulst, 2014; Flatt, 2011; Hunt, Simmons, & Kotiaho, 2002; Hunt et al., 2004; Lycett, Dunbar, & Voland, 2000) . Because in species with conventional sex roles females often invest more in the production and care of offspring than do males, studies on the cost of reproduction have mostly been focused on females (see Hunt et al., 2002; Monaghan & Nager, 1997; Shine, 1980; Westendorp & Kirkwood, 1998) . However, evidence indicates that reproduction can also be costly for males (Santos & Nakagawa, 2012; Scharf, Peter, & Martin, 2013) , even in species where males do not provide parental care (Hunt et al., 2004; Partridge & Farquhar, 1981; Shine, 1980) . In this regard, identifying factors influencing different components of male reproductive investment and how they contribute to the ageing process is important to understand not only the evolution of male life history but also sex differences in lifespan (Maklakov & Lummaa, 2013; Promislow, 2003) .
The sociosexual environment, especially the perceived level of male-male competition, strongly influences male investment in reproductive traits (Bretman, Westmancoat, Gage, & Chapman, 2013; Candolin, 1999; Kelly & Jennions, 2011; Kim & Velando, 2014) .
During reproduction, males are rarely passive towards other males and often respond to the presence of other rival males increasing their investment in mate attraction (i.e., sexual signalling; Burmeister & Wilczynski, 2000; Hill, 1998; Candolin, 1999) . However, in many species, females copulate with more than one male (i.e., polygenic mating systems) and therefore, a higher investment in female attraction does not always ensure paternity. In such circumstances, the sperm of different males often has to compete inside the female reproductive tract, creating a scenario of sperm competition (reviewed in Parker & Pizzari, 2010) . Theory predicts that males should therefore also increase their expenditure in sperm and nonsperm components (e.g., sperm numbers and quality) to ensure paternity, especially when competition risk is moderate (reviewed in Parker & Pizzari, 2010) .
The production of sexual signals to attract mates and repel rival males is a costly process and several studies indicate that males investing more heavily in sexual signalling age more rapidly (Hunt et al., 2004; Preston, Jalme, Hingrat, Lacroix, & Sorci, 2011; Scharf et al., 2013) . It has been proposed that a proximal physiological mechanism that may link male investment in sexual signalling with longevity is oxidative stress, a physiological state that occurs when the balance between the production of oxidant molecules (e.g., Reactive Oxygen Species; ROS) and the capacity of the body's antioxidant defence system is unbalanced in favour of the former (reviewed by Metcalfe & Alonso-Alvarez, 2010) . This leads to the accumulation of oxidative damage which contributes to cellular ageing and whole organism senescence (Finkel & Holbrook, 2000) , although the link is not always as straightforward as once presumed (Speakman & Selman, 2011) .
To date, the idea that males investing more in sexual signalling suffer from increased levels of oxidative stress has mostly been investigated in relation to visual, carotenoid-dependent, sexual signals in vertebrates (Costantini, 2014) . However, to attract potential mates, many insect species rely on acoustic signals (Alexander, 1961) , which requires muscle contractions and an elevated oxygen consumption (e.g., in gryllid crickets (Hoback & Wagner, 1997; Hack, 1998) and hence may potentially expose males to increased oxidative stress levels (Metcalfe & Alonso-Alvarez, 2010 ; but see Salin et al., 2015; Costantini, 2014) . Although male crickets heavily investing in acoustic sexual signalling show reduced longevity (see Hunt et al., 2004) , whether oxidative stress is the link between the two branches of the reproduction and longevity trade-off is still unknown.
In contrast to male sexual signalling, sperm production has often been considered as a small component of the total costs of male reproductive activities (Royle, Smiseth, & Kölliker, 2012 ). Yet, sperm is more than simply spermatozoa as it often contains important amounts of antioxidants compounds that protect the vulnerable spermatozoa from oxidative damage, thereby enhancing sperm competitiveness and favouring male fertility (Almbro, Dowling, & Simmons, 2011; Khan, 2011; Walczak-Jedrzejowska, Wolski, & Slowikowska-Hilczer, 2013) . However, many of these antioxidant compounds cannot be endogenously produced, and therefore, their allocation into sperm protection may hypothetically constrain their availability for somatic protection and contribute to shortening male lifespan. The presence of mating rivals may, therefore, affect male reproductive strategies and potentially impose important costs to reproduction. Indeed, two studies in insects have recently revealed that intrasexual competition can reduce male lifespan (Bretman et al., 2013; Callander, Kahn, Hunt, Backwell, & Jennions, 2013) .
However, it is still unknown how the investment in pre-and postcopulatory traits may have contributed to reduce male lifespan, as there have not yet been studies that have simultaneously assessed how the presence of mating rivals affects male investment both preand post-copulatory sexual traits and their effects on male oxidative status and longevity.
In this study, I have investigated whether (a) the presence of a competitor male affected different components of male reproductive effort (sexual signal production and ejaculate characteristics) and oxidative status, and (b) whether oxidative stress is the mechanism underlying the trade-offs between investment in pre-and postcopulatory sexually selected traits and male longevity. In contrast to previous studies, I examined all these questions simultaneously, in a longitudinal study and using the field cricket Gryllus bimaculatus, a species that does not show parental care. In this species, males use long-range calling songs to attract females and repel rival males (Alexander, 1961) . Although calling effort is a good proxy of male mating success in both field and laboratory conditions (Bentsen, Hunt, Jennions, & Brooks, 2006; Hunt, Brooks, & Jennions, 2005) , males also face strong sperm competition (Mallard & Barnard, 2003) .
I measured male investment in sexual signalling (calling time), sperm production and quality (spermatophore size and sperm antioxidants content), under competitive and noncompetitive conditions (presence or absence of a competitor), while controlling for mating opportunities to separate the effect of responding to rivals from that of mating itself. This experimental design allowed me to assess not only whether the exposure to a competitor male influenced male investment in pre-and post-copulatory sexually selected traits but also how they influenced male oxidative status (i.e., haemolymph antioxidants and oxidative damage level) and lifespan. I predicted male-male competition would result in greater investment in calling and/or sperm production and quality (spermatophore size and sperm antioxidant content). Moreover, if any of these male reproductive components increases oxidative stress levels (e.g., by demanding antioxidant compounds or increasing ROS production), lifetime exposure to a mating competitor should result in increased oxidative stress levels (i.e., lower antioxidants and higher oxidative damage levels in the haemolymph) and a shorter lifespan.
| MATERIAL S AND ME THODS

| Ethics statement
The study was conducted in accordance with the current Spanish law for the care and use of animals in research (RD53/2013). Because the study used an insect species as a study model, the animal care and use protocols did not require the approval of the ethical committee.
| Laboratory conditions and experimental procedures
Experimental male field crickets G. bimaculatus were derived from the outbred laboratory culture at the University of Vigo. For the experiment, only nymphs that hatched within 24 hr were used. I separated 50 juvenile males prior to imaginal ecdysis to ensure virginity, and housed them individually in plastic containers (19 × 15 × 7 cm) and provided ad libitum supply of food (cat chow), water and egg carton for shelter, in a room maintained at a constant temperature (28 ± 2°C) with a 12:12 hr light:dark cycle. These experimental males were visually isolated from one another by covering the outer walls of each container with opaque dividers. The containers were cleaned weekly, and males were monitored daily across their entire life.
Ten days after adult eclosion, the males (N = 50) were randomly assigned to two different experimental treatments. In the "competitor present" treatment (N = 25), a conspecific male (i.e., competitor male) was placed inside the experimental male's container in a perforated transparent plastic box (10 × 10 × 5 cm). This allowed the experimental males to be in acoustic and visual contact with the "competitor" male as well as to establish reciprocal antennae contact but preventing any injury as a consequence of male-male aggression. The competitor males came from the same cohort of individuals I produced to obtain the experimental males (see above). Hence, both the competitor and the experimental males had similar age and both were reared (and kept) under identical laboratory conditions. Moreover, all competitor males had similar reproductive experience as they were allowed to mate with a virgin female every 2 weeks.
The experimental males were left to interact with the competitor for 24 hr. After that, and still in the presence of the competitor male, a virgin female was introduced into the experimental male container.
The experimental male was left to interact with the female until they copulated and the male transferred the spermatophore to the female. Immediately after copulation, both the female and the box containing the competitor male were removed. The experimental male was then left isolated for 48 hr before being exposed again to a new competitor for 24 hr and allowed to mate (and produce a spermatophore) with a new female as described above. The above-mentioned procedure was constantly repeated through the experimental males' life. Males assigned to the "competitor absent" treatment (N = 25) were handled in the same way as males in the "competitor present" treatment but in this case, the box placed for 24 hr was empty, so that the experimental males were never exposed to a competitor before they were allowed to mate. On average, competitor present and competitor absent males mated 16.03 ± 4.46 and 18.40 ± 3.45 times through their adult life, respectively.
Two days before the start of the experiment (i.e., day 8 after adult eclosion) and 4 weeks after the experimental competition treatment started, that is when most of the males had been approximately half of their adult life under treatment (see Section 3), all males were weighed (± 0.001 g), haemolymph sampled and their calling effort assessed (see below). Haemolymph was collected by puncturing the lateral edge of the membrane between the prothorax and mesothorax (Adamo, Linn, & Hoy, 1995) . Between 3 and 5 μl of transparent haemolymph was collected and immediately diluted 1:4 in ice-cold phosphate buffer, vortex-mixed for 5 s and then frozen at −80°C.
Additionally, 1 day after the males were haemolymph sampled, I also introduced a virgin female into the experimental male's container to collect a freshly produced spermatophore. Spermatophores were immediately removed after copulation from the female reproductive tract with forceps, weighed in a precision balance (± 0.00001 g) and stored at −80°C. The second time the males were spermatophore sampled (i.e., 4 weeks after the start of the experiment), two "competitor present" males and one "competitor absent" male failed to produce a spermatophore (final sample size: 15 competitor present and 19 competitor absent).
| Measuring male calling effort
Male field crickets G. bimaculatus produce a long-range calling song that is used to attract females (Alexander, 1961) . Hence, to assess the effect of our competition treatment on the daily investment in sexual signalling, I measured the time invested in long-range calling songs (hereafter "calling effort"). Calling effort was always measured in the absence of competitors and when the experimental males were alone in their holding container. Because male calling activity may vary throughout the day (Simmons, 1988) , I monitored the calling activity of each male, that is whether a male was performing calling songs or not, at 5-min intervals during three different 2.5-hr periods; morning, 8:00-10:30 a.m.; afternoon, 15:00-17:30 p.m. and night, 21:00-23:30 p.m. The proportion of total time during which a male was observed calling in a day (i.e., the total number of records observed calling/total number of records) was used as a proxy of the daily calling effort. Interval scoring has been shown to provide reliable estimates of the total calling time (Cade & Cade, 1992) .
| Sample preparation and analyses of the oxidative status
Haemolymph samples were sonicated for 5 min and then centrifuged at 10,000 g for 5 min at 4°C to remove any remaining cell debris. Thawed spermatophores were homogenized in 20 μl of phosphate buffer (pH 7.4) to release their content and then centrifuged at 10,000 g for 2 min at 4°C. The supernatant fraction of both haemolymph and spermatophore samples was collected and used for all subsequent biochemical analyses. The total antioxidant capacity (TAC) of haemolymph and sperm samples was measured using the method described by Erel (2004) Due to the reduced sample volume available, I was only able to measure the AOPP concentration single and in a total of 21 "competitor present" males (first sampling, N = 16; second sampling, N = 11) and 27 "competitor absent" males (first sampling, N = 12; second sampling, N = 9). However, in a previous pilot study, I confirmed that the assay was significantly repeatable in haemolymph samples (see Supporting Information Appendix S1).
| Statistical analyses
I tested the effect of male-male competition treatment on male investment in pre-and post-copulatory sexually selected traits (i.e., calling effort, spermatophore mass and sperm antioxidant quality), male body mass and somatic oxidative status [i.e., haemolymph antioxidant capacity (TAC) and protein oxidative damage (AOPP) levels] by using binomial generalized linear mixed-effect models (GLMMs; calling effort) or linear mixed-effect models (LMMs; spermatophore mass, sperm antioxidant capacity, body mass and haemolymph TAC and AOPP levels). The models included the experimental treatment (competitor present or absent), time (pretreatment and 4-weeks post-treatment) and their interaction as fixed factors, and male identity (ID; nested within experimental treatment) as a random term. In the model analysing sperm antioxidant capacity (TAC), spermatophore mass was also included as a covariate.
Since the male-male competition treatment had a clear effect on haemolymph TAC level (see Section 3), I used linear models (LM) to investigate whether male investment in calling effort or spermatophore traits contributed to explaining the observed variation in haemolymph TAC level 4 weeks post-treatment. In this model, the competition treatment was included as a fixed factor and male body mass, calling effort, sperm TAC level and spermatophore mass as covariates. The model also included the two-way interactions between the experimental treatment and male calling effort and between the experimental treatment and sperm TAC.
Finally, I performed a Cox regression model to assess the influence of the male-male competition treatment on male survival. During the experiment, two experimental males (one competitor present and one competitor absent) failed to produce a spermatophore the time before they were sampled for second time (4 weeks post-treatment). However, this had no influence on male investment in spermatophore mass or antioxidant content (see Supporting Information Table S1 ). When needed, variables were log-(e.g., spermatophore mass) or Box-Cox (e.g., haemolymph TAC and AOPP level and sperm TAC level) transformed to improve data distribution and satisfy the linearity and homoscedasticity criteria. All analyses were conducted using IBM SPSS Statistics 24 for Windows (IBM Corporation, Armonk, NY, USA). Analyses used Satterthwaite's approximation for degrees of freedom, and post hoc comparisons were performed using LSD's post hoc test. To avoid inflating the type I error, I did not apply model selection in any analyses, and so I report results for full models after removing nonsignificant covariate interactions terms (Engqvist, 2005) .
Data are presented as means ± standard errors (SE), and the significance level was set at p = 0.05.
| RE SULTS
| Effect of mating competitor present on male calling effort and sperm traits
Male calling effort changed over time (i.e., male age) but differently between experimental groups of males (treatment: 
| Effect of mating competitor present on male body condition and oxidative status
The interaction between the experimental treatment and time had a significant effect on male body mass (treatment: Importantly, the analyses revealed that male investment in both pre-and post-copulatory sexually selected traits (i.e., calling effort and spermatophore traits, respectively) contributed to explaining the observed variation in haemolymph antioxidant capacity at an advanced age (i.e., 4 weeks after the start of the experiment). In both experimental groups, males calling for more time showed a lower haemolymph antioxidant content (calling effort: 
| Effect of mating competitor present on long-term survival
As predicted, the presence of competitors shortened male lifespan.
The analyses of survival curves showed that the competitor present males had significantly lower adult survival than the competitor absent males (Cox regression: Wald = 6.479, df = 1, p = 0.011; Figure 4 ).
| D ISCUSS I ON
The results of this study reveal that the sociosexual environment affected male investment in pre-and post-copulatory sexually selected traits with long-term consequences in lifespan and somatic senescence. In contrast to males that did not repeatedly face a competitor, males exposed to a competitor (competitor present group) maintained their calling effort with age, but an increased calling effort reduced the males' haemolymph antioxidant content. The spermatophore size and sperm antioxidant content increased with age but none of these traits differed between experimental groups of males. However, haemolymph antioxidants negatively covaried with sperm antioxidants but only when males were exposed to a mating competitor. As these males also had reduced haemolymph antioxidants, the results further suggest a trade-off between sperm protection and somatic maintenance when body antioxidants are scarce.
Importantly, the greater investment in mate attraction (calling rate) and sperm antioxidant quality of these males was not exempt of cost in terms of somatic senescence, as the competitor present males showed a marked reduction of haemolymph antioxidant defences, body mass and in long term, a reduced lifespan. These results strongly support that the presence of mating competitors imposes additional oxidative costs to reproduction for males with negative consequences on lifespan.
Male crickets repeatedly exposed to a competitor invested more heavily in female attraction, as suggested by the higher calling rate F I G U R E 1 Daily male calling effort (proportion of time calling; mean ± SE) of adult male field crickets maintained singly ("competitor absent" treatment; white dots) or repeatedly exposed to a mating competitor ("competitor present" treatment; black dots) throughout their entire adult life. For illustrative purpose, male calling effort is shown as percentage of time (i.e., proportion of time calling × 100) in comparison with males in the competitor absent group. This is consistent with previous studies in other taxa and cricket species in which male competition resulted in a higher investment in sexual signalling (Callander et al., 2013; Candolin, 1999) , courtship behaviour (Bretman et al., 2013) or both (Kim & Velando, 2014) . Because calling effort in crickets is a good proxy of male mating success (Bentsen et al., 2006; Hunt et al., 2005) , maintaining a higher investment in calling with age may be an advantageous mating strategy for males to increase their chances of mate acquisition. However, males calling for a long time showed a lower haemolymph antioxidant level.
It is likely that males heavily investing in calling were exposed to increased ROS production due to their higher energy metabolism (Nicholls, 2013) . Indeed, sound production is achieved by mechanical means in crickets (i.e., stridulation), a process requiring muscle contractions and oxygen consumption (Hack, 1998; Hoback & Wagner, 1997) . Males exposed to a competitor may have had to divert a greater amount of antioxidants defences to neutralize and detoxify the excess of ROS production and perhaps to reduce muscle fatigue (Ferreira & Reid, 2008; Powers & Jackson, 2008) , explaining the observed reduction of haemolymph antioxidants. In accordance with the previous findings in vertebrates, my results suggest that acoustic signalling may be an antioxidant-demanding activity for F I G U R E 3 Relationship between haemolymph antioxidant capacity (Box-Cox transformed) and (a) male calling effort and (b) sperm antioxidant capacity (Box-Cox transformed) of adult male field crickets maintained singly ("competitor absent" treatment; white dots and dashed lines) or repeatedly exposed to a mating competitor ("competitor present" treatment; black dots and solid lines) throughout their entire adult life. Figures represent partial residuals against each explanatory variable. For illustrative purpose, male calling effort is shown as percentage of time (i.e., proportion of time calling × 100) F I G U R E 2 (a) Body mass (mean ± SE) and (b) haemolymph antioxidant capacity (mean ± SE) of adult male field crickets maintained singly ("competitor absent" treatment; white dots) or repeatedly exposed to a mating competitor ("competitor present" treatment; black dots) throughout their entire adult life males (Casagrande, Pinxten, & Eens, 2016; Noguera, Morales, Perez, & Velando, 2010) .
Interestingly, only in the competitor present group, the haemolymph antioxidant content declined as sperm antioxidants increased.
This result is not strange as the costs derived from allocation tradeoffs can often be resource dependent (either internal or external) and therefore, become only apparent when the resources are limited Zera & Harshman, 2001 ). As both experimental groups of males showed similar sperm antioxidants level 4 weeks after the start of the experiment, it is plausible that when body antioxidant reserves are scarce but the risk of sperm competition is high, G. bimaculatus males prioritized sperm antioxidant protection against somatic maintenance. Sperm antioxidants play a key role in preventing the accumulation of oxidative damage and DNA fragmentation in the spermatozoa, thereby increasing male fertility (reviewed by Agarwal, Prabakaran, & Said, 2005) . Ensuring the best sperm antioxidant protection may have been the best reproductive strategy for male crickets to increase their reproductive success, especially under sperm competition risk (Almbro et al., 2011) .
A greater investment in sexual signalling and sperm protections at an advanced age was not exempt from fitness costs for the males.
Competitor present males died significantly sooner than males in the competitor absent group. The reduction in lifespan cannot be attributed to injuries caused by direct male-male aggression as males were never in physical contact with their competitors. The differences in male longevity found in this study are broadly consistent with previous studies (Bretman et al., 2013; Callander et al., 2013) and strongly support the hypothesis that intrasexual competition imposes additional costs to reproduction with negative consequences on male lifespan. From a mechanistic point of view, differences in male lifespan may be the result of the observed changes in male oxidative status. For instance, having lower body antioxidant defences may have exposed the competitor present males to increased oxidative stress levels (Costantini, 2014) . A higher accumulation of oxidative damage may have contributed to a faster rate of ageing (Archer, Sakaluk, Selman, Royle, & Hunt, 2013; Finkel & Holbrook, 2000) , thus explaining why these males showed reduced lifespan.
Additionally, having reduced body antioxidant defences may have also contributed to accelerating the loss of telomere length in the competitor present males (Noguera, Metcalfe, Boner, & Monaghan, 2015) , thereby contributing to a faster rate of ageing (see Monaghan, 2010; Wilbourn et al., 2018) .
Intriguingly, both experimental groups of males showed similar levels of protein oxidative damage in the haemolymph (i.e., AOPP levels). This discrepancy, however, does not necessarily indicate that there were no differences in oxidative stress between experimental groups. Supplementation studies often show that a higher availability of circulating antioxidants does not always reduce the level of all biomarkers of oxidative damage (Kim, Noguera, Tato, & Velando, 2013; Sumien, Forster, & Sohal, 2003) , given that they may vary between tissues and organs (Ołdakowski & Taylor, 2018; Veskoukis, Nikolaidis, Kyparos, & Kouretas, 2009) . It is plausible that competitor present males accumulated more oxidative damage than the competitor absent males but such an effect was not mirrored in the haemolymph protein oxidation level. Alternatively, it might also be possible that reduced haemolymph antioxidants did not directly affect ageing rates, but rather it was linked to other traits that more directly influence survival perspectives. For instance, some antioxidant compounds seem to significantly improve immune responses in other insect species (Cornet, Biard, & Moret, 2007; Ha et al., 2005) . Hence, it cannot be discarded the possibility that a lower immune protection against infections contributed to reducing the adult survival of the competitor present males (Ha et al., 2005) . Regardless of the mechanism, the results highlight the role of oxidative stress as an important mechanism underlying the trade-offs between different components of male reproductive investment and longevity.
To summarize, this study provides, for the first time, clear evidence that males can alter their investment in pre-and postcopulatory sexual traits in response to competition risk, but such socially mediated behavioural changes have physiological costs with negative consequences on lifespan. The data are consistent with the hypothesis that either sexual signal production or sperm protection entails oxidative costs for males, as well as main predictions of current evolutionary theories of ageing. Moreover, they suggest that oxidative costs imposed by intrasexual competition may be a neglected physiological mechanism through which sexual selection may contribute to the evolution of longevity differences within the same sex.
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